We report 3.1-3.2 μm mid-infrared emission from acetylenefilled low loss antiresonant hollow-core fiber pumped with an amplified, modulated, narrowband, tunable 1.5 μm diode laser. The maximum power conversion efficiency of ~30%, with respect to the absorbed pump power, is obtained with a 10.5 m length of fiber at 0.7 mbar. The maximum efficiency with respect to the total incident pump power (~20%) and the minimum pump laser energy required (<50 nJ) are both improved compared to similar work reported previously using an optical parametric oscillator as a pump source. This paper provides an effective route to obtain compact mid-infrared fiber lasers.
Introduction
Fiber lasers have wide potential applications, and are increasingly replacing traditional solid state and gas lasers in many applications [1] due to their compactness, high efficiencies, excellent beam qualities and convenient heat management. Compact mid-infrared (mid-IR) fiber lasers have wide application in defense, security, atmosphere monitoring, and medicine, and have attracted enormous attention [2] [3] [4] [5] [6] [7] . Usually, due to the low damage threshold, solidcore fiber lasers lack the ability to provide the same power levels as conventional gas lasers, which can reach MW levels in chemical gas lasers [1] . Because of nonlinear effects, the spectral linewidth of light generated in glass fibers will broaden at high powers. As the number of rare earth materials is limited, only certain laser wavelengths are available. Mid-IR fiber lasers are usually generated in erbium-doped or holmium-doped glass fibers. A CW 3.22 μm laser was generated in holmium-doped fluorozirconate fiber [2] . Gas lasers have been demonstrated to be an effective method to generate mid-IR emission [8] [9] [10] [11] [12] [13] [14] . In traditional gas cells the effective interaction length is very short and the system can be bulky and cumbersome, limiting the applications of these lasers. The advent of hollow core photonic crystal fibers (HC-PCF) and their properties of long effective interaction length, high optical confinement, and the possibility of control of the effective gain spectrum make it possible to develop a novel type of laser, fiber gas lasers, which combines the advantages of both fiber and gas lasers [15, 16] . By properly designing the transmission bands of HC-PCF, selecting active gases and pump sources, fiber gas lasers can potentially provide a wide range of emission wavelengths from the UV to the IR. Owing to the nature of transitions in atomic and molecular gases, fiber gas lasers are spectrally narrow even without additional linewidth limiting measures. Since the first emission in H 2 -filled HC-PCF by stimulated Raman scattering was demonstrated in 2002 [16] , fiber gas lasers have been intensively investigated [17] [18] [19] [20] [21] [22] [23] [24] . The first mid-IR fiber gas laser was demonstrated in acetylene-filled Kagome structured hollow core fiber in 2011 [20] , but the measured slope efficiency was only ~1% because of the high transmission loss of 20 dB/m at laser wavelength. By optimizing the fiber structure, the loss was greatly improved to ~5 dB/m, but the power conversion efficiency with the respect to the total incident pump laser power was still low (<10%) [21, 22] due to the broad linewidth of the pump source of optical parametric oscillator (OPO). The OPO is bulky and cumbersome, and not suitable for compact laser designs. Recently, we have characterized a type of HC-PCF with anti-resonant core walls [25] [26] [27] [28] guiding light into the mid-infrared with low loss (minimum loss ~0.034 dB/m at 3050 nm). However, the use of very low-loss fiber is not critical in this experiment due to the freedom to adjust the gas concentration and the high optical gain which is attainable. A loss of a few dB/m at the output wavelength is low enough to enable high conversion efficiency with suitable gas pressure and fiber length. Dramatically reducing the fiber loss to <0.1 dB/m does not appreciably increase the maximum conversion efficiency, but does allow longer fiber lengths which increases the maximum output pulse energy while maintaining the low gas pressures which give the highest efficiency.
Here we use this type of hollow core fiber to demonstrate mid-IR emission from acetylene pumped with an amplified, modulated, narrowband, tunable diode laser. Efficient mid-IR emission at 3.12 μm and 3.16 μm is observed when the diode laser is precisely tuned to the resonance with the absorption line of 12 C 2 H 2 at λ = 1530.37 nm. The use of a narrow linewidth pump source improves the total optical-to-optical conversion efficiency as it is better matched to the molecular absorption linewidth. As a result, a maximum power conversion efficiency of ~30% with respect to the absorbed pump pulse energy, and 20% relative to the total incident pump energy, was obtained using a 10.5 m fiber length, with 4.2 μJ total incident pump energy, and 0.7 mbar acetylene pressure. The efficiency is close to the theoretical limit value of 33% for this kind of acetylene laser system, which arises from the simultaneous saturation of pump and lasing transitions [22] . The hollow core fiber used here [28] is of the design shown in the insert of Fig. 1 . It has a core diameter of ~109 μm, an outer diameter of ~233 μm, an average "cladding tube" diameter of 27.9 μm, and a silica wall thickness of ~2.4 μm. The length used in the experiments is 10.5 m, which we determined to be the optimum length through trial and error. The transmission loss was measured by the standard cut-back method using a tungsten halogen lamp as the light source, and the results are shown in Fig. 1 . We can see that the loss at the pump wavelength of 1.53 μm is ~0.11 dB/m; the loss around 3. loss of 0.15 dB/turn at 3.1 μm with a bending diameter of 16 cm [28] . Therefore, the fiber could be coiled with a reasonably small diameter (~30 cm) in experiments.
Experimental setup

Anti-resonant HC-PCF
Modulated, amplified, tunable pump diode laser
The modulated, amplified tunable pump diode laser is shown in Fig. 2 . We modulate the tunable CW laser (ID Photonics GMBH, CoBrite DX1, linewidth <100 kHz, maximum output power ~40 mW) using two Mach-Zehnder intensity modulators (Thorlabs, LN56S-FC, 10 GHz) and a semiconductor optical amplifier (SOA, Thorlabs S9FC1004P). Here the SOA is used as an optical switch to suppress the low level CW which is transmitted by intensity modulator 1, and becomes significant for low pulse repetition rates. Two fiber polarization controllers (FPC) are used before the SOA and the second modulator respectively. All the modulators are driven by the same delay generator (Stanford Research Systems DG 645) with proper time delays. Two stages of erbium-doped fiber amplifiers (EDFA) are used. A 60 cm highly doped fiber (Thorlabs ER110-4/125) is used as a pre-amplifier, backward pumped with a 980 nm laser diode, whilst a 6 m doped fiber (Thorlabs ER16-8/125) is used as a power-amplifier, backward pumped with a 1483 nm laser diode. To protect the optical components and avoid self-excited oscillations in the EDFAs, several optical isolators are used. We used the absorption line P(9) as the pump transition, as shown in Fig. 5 . We used a pump modulation frequency of 10 kHz and pulse duration of 20 ns. The maximum average output power of the pump source was about 50 mW. The CW diode laser was very stable both in power (measured fluctuation < ± 2.5% in 5 hours) and frequency (measured shift <100 MHz in 10 hours), so analog closed-loop wavelength control system for the pump laser was not necessary. To evaluate the linewidth of the modulated, amplified pump diode laser, the absorption linewidth of acetylene was measured by tuning the frequency across the absorption line and measuring the transmitted power. The results are shown in Fig. 3 , where the central wavelength is 1530.37 nm. The measured absorption linewidth in 10.5 m hollow core fiber filled with 1.33 mbar acetylene (natural isotope content) using the unamplified CW diode laser is ~460 MHz, which is in agreement with the Doppler broadening of ~480 MHz (for 12 C 2 H 2 , room temperature, central wavelength 1.53 μm) [29] . The absorption linewidth in a reference gas cell (Photonics Technology, length 50 mm, diameter 10 mm, 12 C 2 H 2 purity >99%, pressure 22.7 mbar) is measured to be ~760 MHz, which corresponds to the expected combination of Doppler and pressure broadening (pressure broadening coefficient of ~9 MHz/mbar) [30] . Using the modulated, amplified diode laser, the absorption linewidth in the gas cell and hollow core fiber are measured to be ~765 MHz and 545 MHz respectively. From the results, we determine that the linewidth of the modulated amplified diode laser is <100 MHz. The absorption coefficient, defined as the ratio of the absorbed energy at the central wavelength to the transmitted energy when the wavelength is out of the absorption band, in the gas cell is ~0.78, and due to the longer interaction length in the hollow core fiber is ~0.95, which means that the ASE has been strongly suppressed in the EDFAs. All the central wavelengths are nearly identical, as the frequency shift induced by the pressure is very small, about −0.22 MHz/mbar [30] . Fig. 3 . The measured acetylene ( 12 C 2 H 2 ) absorption linewidth, the discrete points is the measured data, and the solid lines are the corresponding fitting curves respectively.
Acetylene-filled HC-PCF laser configuration
The total experimental setup is shown in Fig. 4 . The incident pump power is controlled using a continuously tunable attenuator. About 3% of the total power is sent to a power meter through two beam splitters, used as the incident power monitor; about 1% is send to the acetylene reference gas cell. A quarter-wave plate and a half-wave plate are used to optimize the transmitted power as the fiber loss is slightly polarization-dependent. The pump beam is focused into the hollow core fiber through a plano-convex lens (focal length 50 mm, antireflection coating 1050-1620 nm, measured transmission ~98% at 1530 nm) and a silica window (anti-reflection coating 1050-1620 nm, measured transmission >98% at 1530 nm). The optimized coupling efficiency is estimated to be 80%. The laser output (and the residual pump) passes through an uncoated sapphire window (transmission ~86% at both pump and laser wavelengths), and is collimated by a calcium fluoride (CaF 2 ) plano-convex lens (focal length 50 mm, anti-reflection coating 3-5 μm, measured transmission ~97% at 3.1-3.2 μm). The collimated beam is then sent to another thermal power meter passing through a germanium filter, or delivered to a spectrometer by a similar hollow core fiber. The gain fiber is filled with acetylene (with natural isotope ratio) using two gas cells. We waited several hours for the acetylene pressure in the fiber to equilibrate.
Experimental results and discussion
The output optical spectrum is shown in Fig. 5(a) . It can be seen that the laser emission has two strong peaks near 3.12 μm and 3.16 μm, which match well with the expected wavelengths of R (7) and P(9) transition from vibrational state v 1 + v 3 to v 1 in 12 C 2 H 2 , as shown in Fig. 5(b) . Acetylene molecules are excited from the j = 9 rotational state of the vibrational ground state to the j = 8 rotational state of v 1 + v 3 vibrational state by the pump pulses. The molecules can leave v 1 + v 3 state through radiative transition to v 1 vibrational state. According to the selection rules, the destination energy levels could be j = 7 and 9 rotational states, corresponding to R(7) and P(9) respectively and these are the two lasing lines. Alternatively, the excited molecules may transit to v 1 state nonradiatively due to intermolecular collisions or collisions with the fiber core wall, which will decrease the laser efficiency. At pressures above 2.5 mbar, the calculated mean free path (MFP) of acetylene molecules is <30 μm, which is much smaller than the core size of the fiber, so the intermolecular collisions are dominant. At pressures below 0.4 mbar, the MFP will be >100 μm, and so the contribution of wall collisions cannot be neglected. Because acetylene molecules cannot spontaneously go back to the ground vibrational state from v 1 state, pulsed pumping is required for effective emission. The total laser power output of 10.5 m fiber with different incident pump powers and acetylene pressures was measured using a Germanium filter (the measured transmission coefficient at laser emission is 58%, and the loss at pump wavelength is >30 dB). The measured laser energy with total incident pump pulse energy of 4.2 μJ at different acetylene pressures is shown in Fig. 6(a) . It can be seen that the optimum pressure is ~0.7 mbar, which is in agreement with the calculated value 0.6 mbar using the model in Ref [20] . and [22] . From Fig. 6(b) , it can be seen that the laser pulse energy increases nearly linearly with the absorbed pump pulse energy beyond the threshold. The minimum pump required to observe an output was below 50 nJ at 0.7 mbar, while the maximum output average laser power is ~7.6 mW corresponding to ~0.76 μJ. The energy conversion efficiency (the ratio of the laser pulse energy to the absorbed pump pulse energy), is calculated from the data in Fig. 6(b) , as shown in Fig. 6(c) . It can be seen that the conversion efficiency increases sharply at low pump energies, and the growth rate decreases with the further increase in the absorbed pump energy, approaching saturation at high energies. A maximum energy conversion efficiency of ~30%, is obtained at 0.7 mbar, and the maximum conversion efficiency with respect to the total incident pump energy is ~20%, which is limited by the effects of the ASE and pump linewidth. Because we are able to use a long length of low-loss fiber we do not see any saturation of output energy at high pump power, even at low pressure, allowing the highest output energy and highest efficiency to be attained simultaneously. Previous reports [20, 21] achieved high conversion efficiency only up to ~1 µJ absorbed pump energy. The total optical-to-optical efficiency could be improved by further suppressing the ASE using a narrow-band filter before the power-amplifier, reducing the pump laser linewidth using more highly doped and shorter erbium fibers in the power-amplifier. Fig. 6 . (a) Measured output laser pulse energy with acetylene pressure, and the total incident pump pulse energy is ~4.2 μJ; (b) Output laser emission pulse energy is plotted versus the absorbed pump pulse energy at different acetylene pressure; (c) The evolution of the power conversion efficiency with respect to the absorbed pump pulse energy, from top to bottom corresponding to 0.7 mbar, 1 mbar, 2 mbar, 5 mbar, 12 mbar respectively.
Conclusions
Using low-loss antiresonant hollow core fibers filled with acetylene, we have demonstrated efficient diode-pumped 3.1-3.2 μm mid-IR emission. The efficiency with respect to the total incident pump power is ~20%, the minimum pump laser energy is <50 nJ, and no saturation of the output pulse energy is seen at our maximum pump energy of 3 µJ, which are substantial improvements over the similar results published previously [20] [21] [22] using an OPO as pump source. Due to the low transmission loss, large core size and high damage threshold of the antiresonant hollow core fibers, efficient, compact, high-power mid-IR fiber gas lasers can potentially be obtained at a number of wavelengths by properly designing the fiber's transmission bands, and carefully selecting active gases and pump lasers.
